Abstract. It has recently been found that the expression of the transglutaminase 3 (TGM3) is significantly reduced in esophageal cancer (EC). However, the potential of TGM3 as a useful biomarker or as a molecular target for EC diagnosis and treatment is unclear. The aim of the present study was to explore the role of the TGM3 in EC. The expression level of TGM3 were measured by real-time polymerase chain reaction and western blot analysis in EC cell lines, including SKGT-4, KYSE-510, OE33, OE21 and the normal esophageal epithelial cell line HEEC; fifty-eight pairs of tissues samples were also measured. Through exogenous expression of TGM3 in EC cells it was found that the expression of TGM3 is closely associated with tumor cell growth and apoptosis. TGM3 was found downregulated in EC and closely associated with tumor proliferation and migration. In addition, overexpression of TGM3 apparently induces EC cell proliferation, migration, invasion and promotes cell apoptosis in vitro. Subsequent experiments identified the NF-κB signaling pathway as direct target of TGM3. Our data collectively demonstrate that TGM3 can be a candidate tumor suppressor that is able to induce EC cell proliferation and migration by downregulating the NF-κB signaling pathway, indicating that TGM3 may serve as a useful biomarker and therapeutic target for EC treatment.
Introduction
Esophageal cancer (EC) is the seventh most common malignant tumor in the world, the mortality of which is ranked sixth among the malignant tumors worldwide (1); its incidence has increased significantly in recent years (2) , especially in China. Despite the clinical advances in diagnosis and treatment improvement for malignant tumors, EC remains one of the leading causes of cancer-associated mortality. The overall 5-year survival rate for all patients with EC is <20% (3). Owing to its aggressive nature and poor response to chemotherapy, EC cure is still a problem (4). The incidence and treatment rates of EC will continue to increase substantially with the development of an aging population and the social economic development in China. Therefore, research to identify and develop more effective molecular biomarkers to prevent or treat EC is urgently needed. Further studies have reported that transglutaminase 3 (TGM3) is significantly downregulated in ECs (5) (6) (7) (8) .
The transglutaminase 3 (TGM 3) enzyme is an enzyme with the ability to catalyze the irreversible cross-linking of peptide-bound glutamine residues either with peptidebound lysines or with primary amines (5) . It is encoded by the TGM3 gene and widely expressed in the small intestine, brain, skin and mucosa (6) . In the skin and mucosa, TGM3 is predominantly expressed in the suprabasal layers of the stratified squamous epithelium (7, 8) . It has been demonstrated that TGM3 is required for the cross-linking of the structural protein trichohyalin and the keratin intermediate filaments to form a rigid structure within the inner root sheath cells (9, 10) . Recent studies have revealed that downregulation of the TGM3 gene is closely linked with a variety of human cancer types, including laryngeal carcinoma, esophageal and oral squamous cell carcinoma (OSCC) (11) (12) (13) . Moreover, Uemura et al (12) identified TGM3 as a novel prognostic indicator in ESCC; the prognostic performance of TGM3 was confirmed by immunohistochemistry in 76 ESCC cases. In addition, Mendez et al (14) reported that the TGM3 gene is differentially expressed in node-positive and node-negative primary tumors in patients with OSCC, implying that decreased TGM3 expression might contribute to the metastatic potential of OSCC. However, the biological function and molecular mechanism of the TGM3 gene in cancer initiation and progression have transglutaminase 3 protein modulates human esophageal cancer cell growth by targeting the NF-κB signaling pathway not been reported. In addition, whether the TGM3 gene might be a valuable diagnostic or therapeutic biomarker for cancer, especially for EC, needs to be further investigated.
The nuclear factor kappa B (NF-κB) transcription factor family is composed of p50, p52, Rela/p65, c-rel and Rel B. The homodimers and heterodimers of these molecules are sequestered in the cytoplasm in an inactive form by the inhibitor of kappa B (IκB). Upon stimulation, the IκB kinase complex (IKK) phosphorylates the κB inhibitor, which then releases NF-κB and allows its phosphorylation, nuclear translocation, binding and subsequent activation of target genes involved in the regulation of cell proliferation, survival, angiogenesis and metastasis (15) . Constitutively active NF-κB is common in human cancer cell lines as well as tumor tissues derived from patients, but is rare in normal cells (16) . In some types of human cancer, there is strong evidence of NF-κB being involved in cancer progression (17) , thus, making NF-κB and its downstream signals promising targets for therapeutic intervention. However, the role of the NF-κB signaling pathway in the tumorigenesis of human EC is not fully understood.
In the present study, we confirmed that the expression levels of TGM3 are downregulated in EC cell lines compared with normal primary esophageal epithelial cells, and tissue specimens compared with paired adjacent normal tissues, by means of RT-PCR and western blotting. We further evaluated the effect of ectopic TGM3 expression in the SKGT-4, KYSE-510, OE33 and OE21 cell lines. We provide the first evidence that the ectopic expression of TGM3 in EC cell lines inhibits cell proliferation and migration and induces apoptosis in cancer cells in vitro. In addition, we demonstrate that the NF-κB signaling pathway is a direct target of TGM3 and show that TGM3 functions as an oncogene by activating the NF-κB signaling pathway. These results suggest that TGM3 might be a candidate tumor suppressor contributing to EC and could act as a valuable prognostic predictor for patients with EC.
Materials and methods
Tissue samples. Fifty-eight pairs of primary EC tissue samples and adjacent non-cancerous tissues (located >3 cm away from the tumor) were obtained from the Department of Oncology, The Second affiliated Hospital, Zhengzhou University (Zhengzhou, China) between June 2014 and December 2015. All subjects were diagnosed and confirmed by a pathological evaluation. None of the subjects received any biotherapy or chemotherapy treatment before recruitment to this study. The study was approved by the Institutional Ethics Committee of the Second Affiliated Hospital, Zhengzhou University and all of the patients provided written informed consent in accordance with the institutional guidelines.
Cell culture and transfection. The EC cell lines SKGT-4 and KYSE-510 were purchased from the american Type Culture Collection (aTCC; Manassas, Va, USa). OE33 and OE21 were obtained from the European Collection of animal Cell Cultures (ECaCC; Porton Down, Salisbury, UK). all EC cell lines were grown in RPMI-1640 medium supplemented with 10% filtered fetal calf serum, 100 units/ml penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine. In addition, the normal human esophageal epithelial cell line HEEC was grown in Dulbecco's modified Eagle's medium (DMEM) with 10% FBS. All cells were cultured in a humidified atmosphere of 5% CO 2 at 37˚C.
Bay11-7082, a specific inhibitor of NF-κB signaling, was purchased from Csa (Biomol, Plymouth Meeting, Pa) and diluted in culture medium to obtain the desired concentration. Recombinant human TGM3 was obtained from abcam Inc. (Cambridge, Ma, USa), and the rabbit anti-TGM3 antibody was from adipo Bioscience Inc. (Santa Clara, Ca, USa). EC cells were transfected with recombinant human TGM3 (10 µg) or TGM3 antibody (1:400; Neomarkers, Fremond, CA, USA) with Lipofectamine 2000 (Invitrogen, Carlsbad, Ca, USa) according to the manufacturer's instructions; EC cells without any treatment were used as controls.
RNA isolation and quantitative real-time PCR (qRT-PCR).
Total RNa was isolated using the TRIzol reagent (Invitrogen Life Technologies). The concentration of RNa were determined using a NanoDrop ND-1000 instrument (Thermo Fisher Scientific, Waltham, MA, USA), and aliquots of the samples were stored at -80˚C. For reverse transcription, cDNA was synthesized by using a reverse transcription kit (Promega, Madison, WI, USa). Quantitative real-time polymerase chain reaction (qRT-PCR) analysis was performed (StepOne; Applied Biosystems, Foster City, CA, USA) using SYBRGreen (Takara, Shiga, Japan). all PCR experiments were performed in triplicate. The TGM3 primer sequences are as follows: sense: 5'-TCaaCTGGCaGaCGGCCTTCa-3' and antisense 5'-GTaCCGTCCTaTGGGTGCGCT-3'.
Western blot analysis. Total protein was extracted using RIPa lysis buffer and the concentrations in different samples were determined using the BCa kit (Beyotime Institute of Biotechnology, Haimen, China). an equivalent amount of protein (30 µg) from different samples was separated by SDS-PaGE, and then transferred onto a nitrocellulose membrane (Millipore, Bedford, Ma, USa). The membrane was blocked with 3.0% non-fat milk at room temperature for 1 h and then blotted with rabbit anti-TGM3 antibody or mouse anti-β-actin antibody (1:10,000) purchased from Sigma (San Francisco, CA, USA) overnight at 4˚C. After incubation with horseradish peroxidase-conjugated secondary antibodies (1:2,000; Bioss, Beijing, China) for 1 h at room temperature, the protein complexes was detected using enhanced chemiluminescence reagents (Pierce, Rockford, IL, USa). β-actin was used as the internal control. The signal intensity on the scanned images was analyzed using Image-Pro Plus 6.0 software.
Cell proliferation assay. Cells were seeded in 96-well plates at 6x10 3 cells/well and the surviving fractions were determined at 0, 24, 48, 72 and 96 h using the MTT assay, as previously described (18) . The absorbance of each well was measured with a spectrophotometer (Bio-Rad Laboratories, Hercules, Ca, USa) at 570 nm. Each experiment was performed in triplicate (19) .
Cell migration and invasion assays. EC cells were grown to confluence in 12-well plastic dishes and treated with recombinant human TGM3 protein or a scramble peptide. Then, 24 h after transfection, linear scratch wounds (in triplicate) were created on the confluent cell monolayers using a 200 µl pipette tip. To remove cells from the cell cycle prior to wounding, cells were maintained in serum-free media. a total of 10 areas were selected randomly from each well, and the cells in three wells from each group were quantified.
For the invasion assays, 24 h after transfection, 1x10 5 cells in serum-free media were seeded in Transwell migration chambers. The upper chamber of the Transwell inserts was coated with Matrigel (Sigma-aldrich, St. Louis, MO, USA). Medium containing 20% FBS was added to the lower chamber. after 24 h, the non-invading cells were removed with cotton wool. Invasive cells located on the lower surface of the chamber were stained with May-Grunwald-Giemsa stain (Sigma-aldrich) and counted using a microscope (Olympus Corp., Tokyo, Japan). From these images, the number of invasive cells was counted. Experiments were independently repeated three times.
Apoptosis assay. apoptosis was assayed by an annexin V apoptosis detection kit (BD Biosciences, San Diego, Ca, USa). Following transfection for 72 h, the cells were collected and detected using an Annexin V fluorescein isothiocyanate kit (FITC) according to the manufacturer's instructions. In brief, cells transfected with the recombinant human vasostatin-2 or vasostatin-2 antibody were resuspended in 100 ml binding buffer, at a density of 1x10 6 cells/ml, then incubated with annexin V-FITC and PI for 15 min. The cells were analyzed with Beckman CXP software on a FC-500 flow cytometer (Beckman Coulter, Pasadena, Ca, USa) within 1 h of cell collection.
ELISA analysis. The levels of p65 concentrations in culture medium were determined by ELISa (Tanjin Biotechnology Co., Shanghai, China) following the manufacturer's instructions. The absorbance was assessed at 450 nm using a 680XR microplate reader (Bio-Rad Laboratories).
Statistical analysis. The differences were analyzed using Student's t-test for two groups and examined by the χ 2 test. a P-value <0.05 was considered to indicate statistically significant differences. Data were processed as mean ± standard deviation (SD). all statistical analyses were performed using SPSS 16.0 software (SPSS, Inc., Chicago, IL, USa).
Results

TGM3 is downregulated in EC tissues and cell lines.
In order to confirm the potential roles of TGM3 in EC, RT-PCR was performed to investigate the mRNa levels of TGM3 in 58 paired EC specimens compared to the corresponding adjacent non-cancerous tissues (NCTs) (Fig. 1A) . The TGM3 mRNA levels in the EC specimens were significantly lower than those of non-cancerous tissues. Western blot assay was performed to investigate the protein levels of TGM3 in EC specimens, same as above, the protein levels of TGM3 were significantly downregulated in the EC specimens compared to the corresponding adjacent non-cancerous tissues (Fig. 1B) . In addition, RT-PCR and western blot assay were performed to investigate the expression level of four EC cell lines and a normal human esophageal epithelial cell line. The TGM3 mRNa levels in the EC cell lines were significantly lower than those of normal esophageal epithelial cells (Fig. 1C) . Correspondingly, the protein levels of TGM3 were markedly downregulated in the four EC cell lines compared with the levels in normal epithelial cells using western blot analysis (Fig. 1D) . These data show that the expression of TGM3 is universally downregulated in EC cells and patients, indicating that a change of TGM3 expression may affect the development of EC.
Ectopic expression of TGM3 directly affects cell proliferation in vitro.
It is well-known that cell proliferation is a key event in the formation and development of cellular oncogenesis. In order to investigate the role of TGM3 in EC cell proliferation, TGM3 was overexpressed or repressed in SKGT-4 cells and KYSE-510 cells by transfection with recombinant human TGM3 or TGM3 antibody, qRT-PCR ( Fig. 2A and B) and western blot analysis (Fig. 2C and D) evaluation demonstrated TGM3 expression in SKGT-4 and KYSE-510 cell lines. The MTT assay showed that overexpression of TGM3 inhibited cell proliferation. Conversely, downregulating the expression of TGM3 accelerated cell proliferation in comparison with the control group (Fig. 2E and F) . Similar data were also obtained in the other two cell lines (data not shown).
Ectopic expression of TGM3 protein affects cell apoptosis in EC cells.
One of the hallmarks of cancer is its ability to evade apoptosis (20) . To investigate the effect of TGM3 on EC cell apoptosis, we performed a series of experiments in EC cell lines, which were stimulated by transfection with recombinant human TGM3 or TGM3 antibody to obtain TGM3 protein ectopic expression. We then investigated the effect of TGM3 on EC cell apoptosis using Annexin V-FITC staining. As shown in Fig. 3A , overexpression of TGM3 significantly increased apoptosis in SKGT-4 cells. The percentage of apoptotic cells increased to 9.8% after transfection with recombinant human TGM3. Suppressed expression of TGM3 increased apoptosis in SKGT-4 cells (Fig. 3B) . Overall, these data indicate that TGM3 may play the role of promoting apoptosis in EC cells.
Ectopic expression of TGM3 directly affects cell migration and invasion in vitro.
To analyze the role of TGM3 in cell migration and invasion, which are the key determinants of malignant progression and metastasis, scratch assays and Transwell assays were performed in the SKGT-4 and KYSE-510 cell lines. Cells treated with recombinant human TGM3 were distinctively less migratory and invasive; however, cells treated with the TGM3 antibody were distinctively more migratory and invasive than untreated cells at 48 h after scratching (Fig. 4) . These results indicate that TGM3 plays an important role in regulating the proliferation of EC cells and strongly suggest that introduction of TGM3 could inhibit cellular oncogenesis by suppressing the migration and invasion of EC cells.
Overexpression of TGM3 promotes activation of the NF-κB signaling pathway. The NF-κB signaling pathway has been demonstrated to play an important role in cellular energy homeostasis and reported to be extensively involved in cell proliferation, migration and differentiation (21) (22) (23) . To further explore the mechanisms involved in TGM3 induced tumor cell growth and apoptosis, we analyzed the NF-κB pathway at the protein level via ELISa and western blotting. The results show that elevated p65 concentrations in culture medium of SKGT-4 cells were found with TGM3 overexpression (Fig. 5A) . Furthermore, the protein expression of p65 was also found to be markedly increased after TGM3 pre-treatment (Fig. 5B) ; the same effect was observed in the other three cell lines. These results suggest that TGM3 induces activation of the NF-κB pathway.
TGM3 modulates EC cell growth and apoptosis by targeting the NF-κB signaling pathway.
To further delineate the effect of NF-κB on TGM3 modulated EC cell growth and apoptosis, the NF-κB signaling inhibitor Bay11-7082 (20 mol/l) was used. after a series of functional restoration assays, we found that the decrease in SKGT-4 cell proliferation (Fig. 6A ) and migration (Fig. 6B) induced by TGM3 upregulation was markedly strengthened following Bay11-7082 stimulation. Moreover, disruption of NF-κB signaling by Bay11-7082 treatment also significantly decreased the apoptosis rate (Fig. 6C) . These results indicate that TGM3 may repress EC cell proliferation and migration and promote apoptosis by modulating the NF-κB signaling pathway. as the limitations of conventional treatments, therefore, it is necessary to search for novel approaches. Recently, several research groups have reported certain genes and signaling molecules that are potentially involved in EC initiation and progression (24, 25) . These molecular targets may provide significant clues for early diagnosis, prognosis and new targeted therapies (26) (27) (28) . Previous studies have found that TGM3 expression is downregulation in head and neck cancer, laryngeal carcinoma and oral squamous cell carcinoma (29) (30) (31) (32) , other reports found that TGM3 expression is decreased in EC tissues compared with normal tissues (29) . However, the exact function and mechanisms of TGM3 in EC are largely unknown. In this study, we verified this finding by assessing the mRNa and protein levels of TGM3 in four EC cell lines and 58 EC specimens. We found that the levels of this TGM3 were much lower in EC tissues and cell lines compared with adjacent controls. Our findings are consistent with previous reports, these results allowed us to speculate that the overexpression of TGM3 may confer a survival advantage to EC patients. Since metastasis is the major cause of morbidity and mortality in EC patients, we investigated the roles of TGM3 in cell migration and invasion of EC cell lines. Transglutaminase (TGM) enzymes are widespread in both plants and animals, they are a family of calcium-dependent enzymes that catalyze the formation of isopeptide bonds (34, 35) . TGM3 is expressed predominantly during the late stages of the terminal differentiation of the epidermis and in certain cell types of hair follicles (36) . although TGM3 downregulation has been found in many cases, however, little information is available concerning its function and mechanisms involvement in EC. The results of this study indicate that TGM3 plays an important role in regulating the proliferation of EC cells and strongly suggest that the introduction of TGM3 could inhibit cellular oncogenesis by suppressing the migration and invasion of EC cells. We consider TGM3 to be a strong biomarker candidate of EC, because its expression clearly correlated with cancer progression in our study and it has also been shown to be potentially relevant to ESCC (esophageal squamous cell carcinoma) (37) . Further studies identified that TGM3 promotes activation of the NF-κB signaling pathway. Recently, abundant studies have confirmed the important roles of NF-κB signaling in cancer development and progression, including proliferation, survival, angiogenesis and metastasis (38) . The significance of NF-κB and its therapeutic value as a target for cancer therapy have been investigated in several types of human cancer (39, 40) . Only a handful of studies to date have explored the involvement of NF-κB activation in EC (41) (42) (43) in which the NF-κB status correlated positively with metastasis, resistance to chemotherapy and patient survival (44) (45) (46) . The present study broadens our understanding of the roles that TGM3 plays in EC by targeting NF-κB signaling and thus indicates that it can be a powerful target for cancer therapy.
In conclusion, this study showed that TGM3 expression is low in EC tissues and cell lines, this result is consistent with the previous studies. We also found that in EC cell lines overexpression of TGM3 inhibits cell proliferation and induces apoptosis by activation of NF-κB signaling pathway. as the TGM3 expression level is associated with EC cell growth process, promotion of TGM3 expression in EC tissues may inhibit tumor cell amplification. Therefore, the present study may provide a therapeutic strategy for patients with EC.
